The present study examines subcortical connections of paraventricular thalamic nucleus (Pa) following small anterograde and retrograde tracer injections in cynomolgus monkeys (Macaca fascicularis). An anterograde tracer injection into the dorsal midline thalamus revealed strong projections to the accumbens nucleus, basal amygdala, lateral septum, and hypothalamus. Retrograde tracer injections into these areas labeled neurons specifically in Pa. Following a retrograde tracer injection into Pa, labeled neurons were found in the hypothalamus, dorsal raphe, and periaqueductal gray. Pa contained a remarkably high density of axons and axonal varicosities immunoreactive for serotonin Pa is particularly sensitive to stressors. In rats, levels of the molecular marker c-fos are consistently and strongly increased specifically in Pa following several types of physical and psychological stressors (e.g., Chastrette et al.,
Injections
Prior to surgery, stereotaxic coordinates for each injection site were specified for each animal from a magnetic resonance imaging (MRI) scan. Animals were anesthetized (see below) and placed into an MRI-compatible stereotaxic frame. Scans of the head were performed with a 1.5T or 3T scanner with a receive-only coil placed over the top of the head, producing a 3D magnetization-prepared rapid acquisition gradient echo image of the brain in stereotaxic alignment (T 1 -weighted, resolution of 0.7-0.8 mm voxels). Distance from a line through the ear bars was calculated for each injection site using the MR images, with reference to the atlas of Szabo and Cowan (1984) .
For both surgery and MRI, anesthesia was induced with ketamine (10 mg/kg, i.m.) and xylazine (0.67 mg/kg, i.m.) and maintained with a gaseous mixture of oxygen, nitrous oxide, and either halothane or isoflurane throughout the procedure. A long-lasting analgesic (buprenorphine, 0.01-0.03 mg/kg, i.m.) was given immediately following surgery and every 8 -12 hours for 2-3 days. An antibiotic (cefazolin, 25 mg/kg, i.m.) was given twice a day for 5-7 days.
Surgery was performed under full sterile precautions. Animals were placed in a stereotaxic frame, the skull was exposed, and burr holes were made at the injection site coordinates. Electrophysiological recordings were done to refine and confirm coordinates determined by MRI. A tungsten electrode was lowered into the expected injection track to record spontaneous, multiunit activity along the depth. Differences in activity indicated cortex/white matter boundaries, sulci positions, and the top and bottom of the brain. For recording and injecting into the midline thalamus, the sagittal sinus was retracted a few millimeters to one side to expose the midline.
Retrograde tracers injected into each animal included fast blue (FB, Sigma, St. Louis, MO), diamidino yellow (DY, Sigma), tetramethylrhodamine (fluro-ruby, FR, 10,000 MW, Molecular Probes, Eugene, OR), lucifer yellow (LY, 10,000 MW, Molecular Probes), and cholera toxin B subunit (CtB, List Biological, San Jose, CA) or cholera toxin B subunit conjugated to colloidal gold conjugate (CtB-gold, List Biological). In addition, injections were made with the anterograde tracer biotincoupled dextran amine (BDA, 10,000 MW, Molecular Probes). Tracers were injected through a micropipette using an air pressure system that applied 25-msec air pulses to the pipette. The injection volumes were calculated as the crosssectional area of the pipette times the distance traveled by the meniscus, which was marked on the pipette. Movement of the meniscus during the injections was monitored using a dissecting microscope. Tracers were injected at a volume of 0.1-1.3 L, depending on tracer sensitivity and the size of the target area. To avoid the spread of tracer along pipette track, the pipette was left in place for 30 minutes after each injection. This resulted in little spread of tracer into white matter. Six different tracers were injected into each animal.
Perfusion and tissue processing
Following survival times of about 2 weeks, animals were deeply anesthetized with ketamine (10 mg/kg, i.m.) followed by sodium pentobarbital (25-30 mg/kg i.v.). Animals were perfused transcardially with heparinized saline, followed by a sequence of 4% paraformaldehyde solutions buffered at pH 6.5, pH 9.5, and finally at pH 9.5 with 10% sucrose (Carmichael and Price, 1994) . The brain was removed from the skull, blocked, placed in 4% paraformaldehyde with 10% sucrose, and then in phosphate-buffered 20% and 30% sucrose at 4°C until it sank (usually 3 days).
Brains were frozen in isopentane with dry ice and cut with a freezing microtome into 10 collated series of 50-m coronal sections. One series was processed for each tracer. For fluorescent tracers FB and DY, sections were mounted without staining and examined with fluorescence microscopy. FR, LY, and CtB were processed immunohistochemically with an avidin-biotin-horseradish peroxidase technique; BDA was processed with the avidin-biotin-peroxidase method (Carmichael and Price, 1994). Additional series were stained for Nissl. Several sections were used to optimize immunohistochemical staining for 5-HT, ORX, and CRH (see below) using an avidin-biotin-horseradish peroxidase technique (Carmichael and Price, 1994). CtB-gold injected into Pa was revealed with silver intensification (Kritzer and Goldman-Rakic, 1995), and the series was counterstained with Nissl stain. Separate series of sections from this brain were stained for 5-HT, ORX, and CRH followed by silver intensification to reveal double-labeled neurons.
The polyclonal 5-HT antibody was raised in rabbit against 5-HT coupled to BSA with paraformaldehyde (ImmunoStar, Hudson, WI) and has been reported previously for immunohistochemical staining in M. fascicularis (e.g., LaMotte, 1988; Westlund et al., 1990; Moore and Speh, 2004). Sections incubated (48 hours at 4°C) in a series of nine dilutions of the primary antibody from 1:20,000 to 1:50,000,000 showed decreased staining until staining was no longer present. A sample of sections incubated without the primary antiserum did not exhibit any immunoreactivity. In addition, a sample of sections was exposed to 1:10,000 dilution of primary antiserum which had been preadsorbed for 24 hours at 4°C with serotonin BSA conjugate (ImmunoStar) at a concentration of 10 g/mL and 90 g/mL. These sections did not exhibit any immunoreactivity. A dilution of 1:1,000,000 was optimal for visualizing axons, and a dilution of 1:5,000,000 was optimal for visualizing neurons double-labeled with CtB-gold (see below).
The polyclonal ORX-B antibody was raised in goat against a 19 mer peptide (amino acids 78 -96) mapping at the C-terminus of human ORX-B (Santa Cruz Biotechnology, Santa Cruz, CA). This antiserum was previously shown to label hypothalamic neurons in sections from wildtype mice but not in sections from ORX knockout mice (Crocker et al., 2005) , demonstrating its specificity to the ORX epitope. A dilution of the primary antiserum at 1:10,000 incubated with sections for 48 hours at 4°C was found to be optimal for both axons and neurons, whereas 10؋ and 100؋ of this dilution and a sample of sections incubated without the primary antiserum did not produce any labeling. In addition, a sample of sections was exposed to 1:10,000 dilution of the primary antiserum that had been preadsorbed for 24 hours at 4°C with ORX-B (Santa Cruz) at a concentration of 0.4g/mL, 4 g/mL, and 40 g/mL. No labeling was observed following incubation with the highest concentration of peptide. The location of ORX labeling in the hypothalamus in the present study corresponds to that which was previously demonstrated in monkeys with a different antibody (Horvath et al., 1999) .
The polyclonal CRH antibody was raised in rabbit against rat/human CRH and had been preadsorbed with melanocyte stimulating hormone and human alpha globulins (generously provided by W. Vale and J. Rivier, Salk Institute, La Jolla, CA). This antiserum (lot rc70) has been previously characterized in M. fascicularis Foote and Cha, 1988) . It has been shown that staining with the antiserum is abolished by preadsorption with 10 nmol/mL of rat/human CRH 1-41 , but not with alpha-melanocyte stimulating hormone or porcine peptide histidine-isoleucine 1-27 (Bassett and Foote, 1992) . Sections incubated (48 hours at 4°C) in a series of seven dilutions of the primary antibody from 1:2,000 to 1:2,000,000 showed decreased staining until staining was no longer present. A sample of sections incubated without the primary antiserum did not exhibit any immunoreactivity. A dilution of 1:100,000 was found to be optimal for both axons and neurons.
Analysis
Mounted sections were examined with light/fluorescence microscopy. Injection sites, labeled neurons, and labeled axonal varicosities were manually plotted using a microscope digitizer system (AccuStage, Shoreview, MN) interfaced with a personal computer. Each labeled neuron and labeled axonal varicosity was plotted as a single point. In order to ensure that all cells or varicosities were counted, and were not double counted, they were mapped in successive 200-m-wide linear traverses across the section; because of this the cells or varicosities often appear to be in linear rows on the maps. The resolution of the maps along each traverse is 5 m. Thalamic nuclei and other structures were drawn onto printed plots using camera lucida methods and adjacent sections stained for Nissl, ACHE, or myelin. The terminology used for the midline and intralaminar nuclei was adopted from The Thalamus of the Macaca mulatta by Olszewski (1952) with a few modifications (Hsu and Price, 2007) .
Photomicrographs were captured with a Nikon DXM 1200 digital camera connected to a PC with ACT-1 image capture software. The images were cropped and adjusted for brightness, contrast, and sharpness when necessary using Adobe Photoshop CS (San Jose, CA).
RESULTS

Pa outputs
Anterograde tracer injection into the dorsal midline thalamus. The anterograde tracer BDA was injected into the dorsal midline thalamus in case OM67 (Fig. 1A) . Most of the injection was centered in Pa and paratenial nucleus (Pt), although tracer also spread into the rostral part of the central densocellular nucleus (Cdc), and a small dorsal portion of the anteromedial nucleus (AM). In the previous study of cortical connections of Pa and Pt, this injection was shown to label axons in cortical areas within the medial prefrontal network (Hsu and Price, 2007) ; many of the subcortical areas with labeling are also specifically connected to the medial network.
Thus, high densities of labeled axons and axonal varicosities were found in the ventral striatum, especially in the accumbens nucleus and rostral-medial caudate nucleus (Figs.  1C,D, 2A-C) . The heaviest labeling was in the shell compared to the core of the accumbens. The accumbens nucleus is strongly related to the medial prefrontal network, and the shell is particularly specifically connected to area 25 (Ferry et al., 2000) , which is strongly interconnected with Pa (Hsu and Price, 2007) . The more central part of the striatum, which is connected to the orbital prefrontal network (Ferry et al., 2000) , has many fewer labeled axons from Pa and Pt.
There were also many labeled axons and varicosities in the amygdala, which is itself strongly interconnected with both the accumbens nucleus and the medial prefrontal network (Price, 2003) . The highest concentration of labeled axonal varicosities was found in the magnocellular and parvicellular divisions of the basal nucleus (Fig. 1F) , and in the intraamygdaloid division of the bed nucleus of the stria terminalis (BNST) (Fig. 1G) . Smaller numbers of varicosities are also found in most other nuclei of the amygdala, including the accessory basal nucleus (especially the lateral edge that borders the basal nucleus), the medial and lateral parts of the central nucleus, and the anterior cortical and medial nuclei. Relatively few labeled varicosities were present in the medial part of the accessory basal nucleus and the lateral region of the lateral nucleus.
There were also a number of labeled varicosities in the anterior amygdaloid area, the extended amygdala and BNST proper (Figs. 1E, 3B ). Labeled varicosities are found in all divisions of BNST, but they are most dense in the dorsal, anterior part, above the anterior commissure. The density of labeled varicosities decreases in more caudal and ventral parts. There are also labeled varicosities in adjacent regions of the caudate nucleus, dorsolateral to BNST, and the anterior hypothalamus, ventral to BNST, such that there are no sharp boundaries in the distribution of the label.
Dense labeling was also found in the deep layers of the entorhinal cortex. (Fig. 1D,E) . This is most dense in the rostral and to a lesser extent the rostral lateral divisions. The labeling decreases markedly in the more caudal divisions of the entorhinal cortex.
In the hypothalamus there was substantial axonal label in the medial preoptic area, suprachiasmatic nucleus, and other parts of the medial hypothalamus, although the label is not concentrated in any of these nuclei (Figs. 1E, 3C, 4A,B) . There was also substantial label in the lateral hypothalamus (Figs. Retrograde tracer injections into the striatum, amygdala, entorhinal cortex, lateral septum, and hypothalamus. Several experiments were analyzed in relation to label in the midline thalamus that had been prepared for previous studies in which retrograde axonal tracers were injected in structures shown above to receive projections from the dorsal midline thalamus. In these cases, labeled neurons were found in Pa and/or Pt, as well as in other midline thalamic nuclei (Table 1) . These confirm most of the projections described above from anterograde tracer experiments, and show that they arise primarily from Pa, and in some cases also from Pt and other midline nuclei.
Striatum. Two different retrograde tracers each were injected into different parts of the striatum in cases OM39 (Table  1) Injections into the accumbens nucleus in OM40 (FB) and OM43 (FB) resulted in a high density of labeled neurons in Pa and in some cases in Pt and other midline nuclei ( Table 1 ).
Taken together, these cases confirm the anterograde data (OM67, above) that Pa projects strongly to the accumbens nucleus (especially the shell) and the rostromedial caudate nucleus. Pt also projects to the accumbens nucleus, but more to the core than the shell.
Amygdala and entorhinal cortex. An injection of FR in OM73 was centered in the magnocellular basal nucleus of the amygdala, with involvement of the accessory basal and lateral nuclei. This experiment had substantial numbers of retrogradely labeled neurons in Pa, Pt, and parts of the Cdc ( Fig.  6A-E Table 1 ). In OM78, an injection of LY was made in the entorhinal cortex. Labeled neurons were found in this experiment in the Pt, with few labeled neurons in Pa (Fig. 6F-J) . Labeled neurons were also found in the Clc, Re, and Cdc. These experiments confirm projections from Pa, Pt, and other midline nuclei to the amygdala. The projection to the entorhinal cortex, in contrast, may arise primarily from the Pt and other midline nuclei outside Pa.
Septum and hypothalamus. The lateral septum was injected with DY in OM16. In this case there were many labeled neurons in Pa, with fewer neurons in Pt ( Fig. 6K-O ; Table 1 ). Experiments with injections in the hypothalamus, including OM37, with an injection of FB into the anterior hypothalamus and medial preoptic area at the level of the paraventricular hypothalamic nucleus, supraoptic nucleus, and suprachiasmatic nucleus (Fig. 6P) , and OM38 with an injection in the posterior lateral hypothalamus at the level of the premammillary nuclei (Fig. 6U) , contained labeled neurons mostly in Pa. With the more anterior injection (OM37), only a few labeled neurons were found outside Pa (Fig. 6R-T) . The more posterior injection (OM38) produced labeled neurons in the Re and the posterior part of Pt, in addition to those found throughout Pa (Fig. 6V-Y) .
Periaqueductal gray (PAG). Three experiments are available with injections in the PAG (OM35 FB, OM36 FB, OM37 CtB), and two with injections lateral to the PAG (OM35 CtB, OM36 CtB). All three injections into the PAG produced retrogradely labeled neurons in Pa, but few if any in other midline thalamic nuclei (Table 1 ). The injections into the midbrain lateral to the PAG did not result in labeled neurons in Pa.
Inputs to Pa
Retrograde tracer injections into the dorsal midline. An injection of CtB was made into the dorsal midline in case OM64, involving Pa and Pt (Fig. 8A) . Labeled subcortical neurons were found mostly in three regions: the amygdala and hippocampal formation, the septum and hypothalamus, and the dorsal raphe and PAG.
Labeled neurons are widely distributed in the septum and especially in the medial hypothalamus, including the suprachiasmatic nucleus (Fig. 8C) , medial preoptic area (Fig. 8C) , ventromedial nucleus (Fig. 8D), arcuate nucleus (Fig. 8D,E) , and perifornical area (Fig. 8E) . The neurons are not specifically concentrated in any of the nuclei, but extend relatively diffusely through the region.
Within the amygdala, many labeled neurons were concentrated in the ventral, parvocellular part of the basal nucleus, and there were scattered neurons in other nuclei, especially the anterior cortical amygdaloid nucleus. In the hippocampal formation, dense concentrations of neurons were labeled in the presubiculum (Fig. 8D-F) . Moderate numbers of neurons were labeled in the entorhinal cortex and in the CA3/4 region (hilus of the dentate gyrus) (Fig. 8E-H) .
In the midbrain, dense concentrations of labeled neurons were found in the dorsal raphe, particularly in the caudal division (Fig. 9 ). There were also labeled neurons scattered through the median raphe. More caudally, a few neurons are labeled in the rostral part of the locus ceruleus.
Neurons are labeled in all columns of PAG, with a slight concentration in the dorsolateral column (Fig. 9A-E) . In the parabrachial nucleus, labeled neurons are scattered through all of the subnuclei in the lateral part of the nucleus, without apparent concentration in any given subnucleus (Fig. 9E-G) . A smaller number of labeled neurons is found in the medial parabrachial nucleus.
A slightly larger injection of CtB-gold was made into the dorsal midline thalamus in OM78. Like OM64, this case had retrogradely labeled neurons in the medial and lateral hypothalamus, amygdala, subiculum, PAG, dorsal/median raphe nuclei, and the parabrachial nuclei (Figs. 12, 13) . 
For abbreviations, see list.
Anterograde tracer injections into the amygdala and hypothalamus. Some of the afferent projections to the midline thalamus shown in the OM64 and OM78 were confirmed by other experiments with injections of anterograde tracers into the amygdala and medial hypothalamus. These also show that the projections terminate primarily in Pa, with lighter projections to other midline nuclei.
Three experiments were analyzed in which injections of anterograde tracers were made in different nuclei of the amygdala (Table 1) . OM3 had a small injection of 3 H-leucine into the anterior cortical nucleus of the amygdala. It shows good axonal label in Pa, with lower density of label in Pt and Cim (Table 1) . In DM28, an injection of 3 H-leucine was made into the caudal-dorsal part of the amygdala, involving the central nucleus and the intra-amygdaloid part of the bed nucleus of the stria terminalis. There is dense autoradiographic axonal label in the posterior part of Pa (Fig. 10B) , with less labeling in more anterior parts of the nucleus. Label is also found in Cdc, but little or no label in other midline or intralaminar nuclei (Table 1) . In a third experiment, OM73, an injection of FR involved portions of the basal, accessory basal, and lateral amygdaloid nuclei. This case had very many labeled axons in Pa, with fewer labeled axons in Pt, Cdc, Csl, Cim, and Re (Table 1) . Taken together, these experiments confirm that several parts of the amygdala have substantial projections to Pa, with lighter input to other midline nuclei.
In three other experiments (OM43, OM44, and OM46), injections of BDA were made into medial hypothalamus, involving the region just rostral and/or caudal to the ventromedial hypothalamic nucleus (Table 1) . In all of these, there is good anterograde axonal labeling in Pa, with less labeling in Pt (Fig.  10B,C; Table 1 ). Labeled axons are also found in Cdc, Csl, Cim, and to a lesser degree in Re (Table 1) .
Pa innervation by 5-HT, ORX, and CRH
Immunoreactive axons and axonal varicosities in Pa. In sections stained immunohistochemically for 5-HT, ORX, and CRH, high concentrations of immunoreactive axons and varicosities, were found specifically in Pa (Fig. 11A-F, case  OM74) . In all cases the concentration of stained axons was much denser in Pa than in adjacent nuclei. The Pt was relatively free of stained axons. Double-labeling experiments. An injection of CTb-gold into the anterior dorsal midline thalamus involved Pa, Pt, and parts of the AM (Fig. 12A, case OM78 ). This injection was at approximately the same rostral-caudal level where high concentrations of 5-HT, ORX, and CRH immunoreactive axons and axonal varicosities were found (Fig. 11, case OM74 ). The retrograde labeling was similar to that observed in case OM64, including labeled neurons in the perifornical area and paraventricular nucleus of the hypothalamus, the amygdala, and the dorsal and median raphe and other dorsal midbrain nuclei (Figs. 8, 9 ). In the dorsal and median raphe, there were concentrations of neurons labeled for 5-HT, intermingled with neurons retrogradely labeled with CtB-gold. A few neurons double-labeled for both CtB-gold and 5-HT (Fig. 12B-D) . In the perifornical area, there was dense immunohistochemical labeling for ORX. Again, a few neurons were double-labeled for both CtB-gold and ORX (Fig. 12E-G) .
Neurons stained for either CtB-gold or CRH were found in close proximity to each other in the paraventricular hypothalamic nucleus (Fig. 13A) , medial and basal amygdaloid nuclei (Fig. 13D) , and lateral parabrachial nucleus and Barrington's nucleus ventrolateral to the PAG (Fig. 13E) . Although the two types of stained neurons were intermingled, no doublelabeled neurons were found (Fig. 13A-E) .
DISCUSSION
This study has shown in monkeys that Pa, although very small in size, is connected to a remarkably extensive set of limbic, striatal, hypothalamic, and midbrain structures, similar to that in rats. These include connections with the accumbens nucleus, lateral septum, amygdala, entorhinal cortex, hippocampal formation, medial and lateral hypothalamus, dorsal raphe, PAG, and parabrachial nuclei. In addition, when the subcortical connections of Pa are considered in relation to its cortical connections that were detailed in a previous article (Hsu and Price, 2007) , it is striking that the cortical areas related to Pa are themselves connected to many of the same subcortical structures as Pa. That is, Pa is primarily connected to the "medial prefrontal network," which includes areas on the medial side of the frontal lobe, the medial edge of the orbital cortex, and a small region in the caudolateral orbital cortex (Ö ngü r Hypothalamus. There is a substantial projection from the dorsal midline thalamus to the hypothalamus, which appears from the retrograde tracer labeling to originate primarily in Pa. In agreement with observations in rats, the projection is particularly dense rostrally in the medial preoptic area and suprachiasmatic nucleus (Moga et al., 1995) , but there is also a substantial projection to more caudal parts of both medial and lateral hypothalamus. Only a few axons from Pa were found in the cellular part of the paraventricular hypothalamic nucleus, but there were many axons immediately lateral to this nucleus. Light and electron microscope studies in rats have shown that dendrites of the magnocellular neurons in the paraventricular hypothalamic nucleus extend laterally out into this region (Silverman and Oldfield, 1984; Oldfield and Silverman, 1985) . It is likely that the axons from Pa synapse on these dendrites. In contrast to findings in rats (Moga et al., 1995) , relatively little projection was found the central part of the ventromedial hypothalamic nucleus.
Lateral septum. The lateral septum had moderate levels of labeling following an anterograde tracer injection into the dorsal midline. A small retrograde tracer injection into the lateral septum showed that this projection came from Pa, and to a lesser extent, the Pt. This pattern of labeling is consistent with previous studies in rats (Berendse and Groenewegen, 1990; Moga et al., 1995) . 1988; Otake and Nakamura, 1995). CRH neurons were located primarily in the paraventricular hypothalamic nucleus, in the lateral parabrachial nucleus and Barrington's nucleus in the midbrain, and to a lesser degree in the amygdala. A doublelabeling study in rats found that CRH innervation of Pa originates from all of these sites (Otake and Nakamura, 1995). In this study, many retrogradely labeled neurons from an injection of CtB-gold in Pa were found in close proximity to the CRH neurons in all these sites, but no double labeling was found. This may be because the CtB injection was restricted to the anterior part of Pa; in addition, detection of CRH in rats is often enhanced by the use of colchicine (e.g., Swanson et al., 1983), which was not used in this study.
Inputs to Pa
Midbrain. As expected, projections to Pa were found from many neurons in the dorsal raphe, as well as more moderate projections from the median raphe, PAG, and parabrachial nucleus. This is consistent with findings in rats, where major brainstem inputs to Pa originate from these regions in addition to the locus coeruleus, nucleus of the solitary tract, and ventral medulla (Krout and Loewy, 2000a,b; Otake et al., 2002). The present study found a projection from the lateral portion of parabrachial nucleus to the anterior Pa (Fig. 7) . This topography is consistent with findings in rats, in which the external lateral parabrachial subnucleus projects strongly to the anterior Pa, and less so to the middle and posterior Pa (Krout and Loewy, 2000a).
Vertes ( (Fig. 9) . In this experiment (case OM78), the number of double-labeled neurons were too few to determine rostral-caudal topography, however the section shown in Figure 9 is from the mid-caudal level, and contained the highest number of double-labeled neurons.
Amygdala. Input to the anterior part of Pa from the amygdala originates primarily in the parvocellular part of the basal amygdaloid nucleus. In contrast, the posterior part of Pa receives fibers from Ce (Price and Amaral, 1981; this study). Consistent with this, amygdala projections to Pa have been shown in rats (Cornwall and Phillipson, 1988; Chen and Su, 1990) .
Subiculum, presubiculum, entorhinal cortex, and hippocampus. In the present study, retrograde tracer injection into Pa resulted in moderate to dense retrograde labeling in Presumably, information about these forms of stress reaches Pa through sources such as the PAG, parabrachial nucleus, raphe, and hypothalamus. The large number and variety of these forms of stress suggests that Pa plays a role in stress in general, and is not specific for any given type. Indeed, the relatively small size of Pa makes it questionable whether it would have the necessary neural machinery to distinguish and react to different types or causes of stress in detail. Instead, it may be suggested that Pa plays a relatively specific role, but one that is common to all forms of stress.
Perhaps the most convincing suggestion is that Pa plays a unique role in regulating the adaptation to chronic stress. Rats with a history of repeated stress exhibit habituation of the hypothalamic-pituitary-adrenal (HPA) axis if a subsequent stressor is the same type as the repeated stressor; in contrast, the response of the HPA axis is enhanced if the subsequent stressor is different from the repeated stressor. Both of these effects are dependent on an intact Pa, particularly its posterior division (Bhatnagar and Dallman, 1998; Bhatnagar et al., 2002 Bhatnagar et al., , 2003 , and may be related to corticosterone-mediated negative feedback onto Pa (Jaferi et al., 2003) . In these studies, lesions of the posterior Pa have no effect on the HPA response to an acute stressor, suggesting that Pa has a unique role in regulating chronic stress.
A recent study of neural activity related to the autonomic response to hypoglycemia suggests that the same mechanism is present in humans in relation to a different cause of stress. Hypoglycemia produces a stress-like response that includes both autonomic and endocrine components, which help to overcome the effects of the inadequate blood sugar. If the hypoglycemia is continued, however, the response habituates, constituting an important problem with diabetics who mistakenly administer excess insulin. With positron emission tomography (PET), it was found that on the first day of hypoglycemia in normal subjects there is increased synaptic activity in a network of interconnected brain regions including medial and orbital prefrontal cortex, thalamus, and PAG (Teves et al., 2004) . On the second day of chronic hypoglycemia, however, there was a specific increase in synaptic activity in the dorsal midline thalamus that was associated with the attenuation of the stress response ( (Fig. 14) . Interestingly, all of these structures are involved in mood disorders, substance abuse disorders, and related clinical conditions whose etiology may include a history of stress or abnormal reactions to stress (Drevets et mally coupled with the midline thalamus in depressed subjects compared to controls (Greicius et al., 2007) .
In addition to the wide circuit that Pa is part of, it is remarkable that the nucleus receives very strong inputs from several systems that are defined by their specific neurotransmitters. In this report we have focused on 5-HT, CRH, and ORX, and Pa also receives a dense input of norepinephrinergic and dopaminergic fibers (Sá nchez-Gonzá lez et al., 2005; Vogt et al., 2008). The full significance of these inputs is difficult to discern at this time, but it may be presumed that they contribute importantly to the role of Pa in responses to stress and in stress-related disorders.
The majority of the serotonergic projections to Pa originate from the caudal division of the dorsal raphe. Studies in rats show that the caudal DR projects strongly to limbic structures including the amygdala and hippocampus, while the rostral DR projects more generally to the striatum, sub- In summary, the circuitry of the primate Pa and its neurochemical inputs, shown in this (Fig. 14) and other studies, suggest that Pa may be a nodal point that could function to limit responses to chronic stress. Dysfunction within this circuit, leading to continued and excessive response to chronic stress, may underlie at least part of the mechanism by which stress triggers or promotes disorders in mood and substance abuse.
